We have examined the effects of inactivation of the p53 tumor suppressor gene on the incidence of apoptotic cell death in two stages of the adenoma-to-carcinoma progression in the intestine: in early adenomas where p53 mutations are rare and in highly dysplastic adenomas where loss of p53 occurs frequently. Homozygosity for an inactivating germline mutation of p53 had no effect on the incidence or the rate of progression of Apc Min͞؉ -induced adenomas in mice and also did not affect the frequency of apoptosis in the cells of these adenomas. To examine the effect of p53 loss on apoptosis in late-stage adenomas, we compared the incidence of apoptotic cell death before and after the appearance of highly dysplastic cells in human colonic adenomas. The appearance of highly dysplastic cells, which usually coincides during colon tumor progression with loss of heterozygosity at the p53 locus, did not correlate with a reduction in the incidence of apoptosis. These studies suggest that p53 is only one of the genes that determine the incidence of apoptotic in colon carcinomas and that wild-type p53 retards the progression of many benign colonic adenoma to malignant carcinomas by mechanism(s) other than the promotion of apoptosis.
Studies using cultured cells have ascribed several distinct cell physiologic functions to the p53 tumor suppressor gene. Its product, the p53 protein, may respond to DNA damage by triggering either growth arrest during G 1 (1) or G 2 (2, 3) phase of the cell cycle or programmed cell death (1) . In this manner, p53 may protect the normal cell from proceeding to replicate damaged DNA (1) . Conversely, mutation of the p53 gene may render a cell's genome more mutable, thereby accelerating the accumulation of mutations that represent rate-limiting steps in tumor progression.
In other circumstances, p53 plays a role in mediating cellular senescence, which is hypothesized to be triggered by telomeric collapse (4, 5) or by the activity of the ras oncogenes (6) . This senescence prevents cells from progressing to an immortalized state. Thus, the inactivation of p53 function during tumor progression may allow evolving premalignant cell populations to circumvent senescence, thereby facilitating progression to a state of immortality (4, (7) (8) (9) (10) .
Yet, other studies have demonstrated that oncogenes such as myc and E1A trigger an apoptotic response in a variety of cultured cells (11) (12) (13) (14) that represents an obstacle to the further clonal expansion of these oncogene-bearing cells. In some cells, this apoptotic response has been shown to be p53-dependent (13) (14) (15) (16) (17) (18) (19) . Hence, an inactivating mutation of p53 may enable cell populations carrying an oncogenic mutation to avoid attrition through apoptosis and thus allow them to benefit from the growth impetus provided by the mutant oncogene.
Finally, p53-dependent apoptosis is also observed in cells that are anoxic, as might occur in tumors that are inadequately perfused by vasculature (20) . Conversely, wild-type p53 may limit tumor growth by up-regulating the expression of angiogenic inhibitors (21) . Together, these reports indicate that p53 is an important regulator that enables normal cells to halt growth or to enter apoptosis in response to a variety of physiologic stresses.
We focus here on the contribution of p53 inactivation to colon cancer. In many human colon carcinomas, loss of p53 heterozygosity (LOH) occurs as the last in a defined succession of mutations affecting the adenomatous polyposis coli gene (APC), the N-or Ki-ras protooncogene, a presumed tumor suppressor gene on chromosome 18q, and mutation of one of the two alleles of p53 gene (22, 23) .
This loss of p53 function during a defined step in colonic tumor progression must be rationalized in terms of the known biochemical and physiologic functions of the wild-type p53 gene and protein. For example, if p53 prevented colonic cells from replicating damaged DNA, one would predict that p53 inactivation would occur relatively early in tumor progression, thereby increasing the overall rate of mutation and accelerating the advance of colonic cell clones through subsequent stages of this process.
However, loss of p53 at a relatively late stage in colon cancer progression would need to be rationalized by invoking other known biological properties of wild-type p53. For instance, the role played by normal p53 in colonic adenomas could be to induce apoptosis in response to the cumulative effects of mutations affecting the APC, ras, and other genes. If this were the case, then inactivation of p53 would benefit tumor progression only at a late stage. Alternatively, p53 could be responsible for inducing senescence following extensive cell division or ras oncogene activation. With these models in mind, we examined the effects of p53 inactivation on an early and an intermediate stage of colonic tumor progression and tested the effects of p53 inactivation on the incidence of apoptosis in intestinal adenomas.
were genotyped by PCR as described before (29) . 129 p53 ϩ͞Ϫ mice and the DNA probe used for LOH analysis at the mouse p53 locus were gifts of Tyler Jacks (Massachusetts Institute of Technology, Cambridge, MA). Mice were genotyped for the p53 locus by PCR using the p53ϫ6S (5Ј-TTATGAGCCAC-CCGAGGT-3Ј) or the p53 Ϫ -specific primer Neo 18.5 (5Ј-TCCTCGTGCTTTACGGTATC3-Ј) and the downstream primer p53ϫ7AS (5Ј-TATACTCAGAGCCGGCCT3-Ј). Polyp count and histological analyses were performed as described previously (53) . For loss of heterozygosity LOH analysis, adenomas were removed surgically and DNA was prepared from them using standard methods. Southern blot analysis was performed as described previously (27) . For ␥-irradiation experiments, mice were subjected to 8 grays of ␥-irradiation using a cesium source. Eight hours later the mice were euthanized and their intestines were fixed in formalin and prepared for cell death analysis.
Statistical Analysis. Polyp multiplicities were compared using a modification of the Wilcoxon's Sum of Ranks Test as described by H. Mann and D. Whitney (54) . The incidence of apoptotic cells in adenomas was compared using the Student's t test.
Quantifying the Apoptotic Cells. Terminal deoxynucleotidyltransferase-mediated UTP end labeling (TUNEL) assay was performed on 5-to 6-m paraffin-embedded sections of adenomas or normal intestines. To do this, the sections were deparaffinized in Xylenes (Sigma) (2 ϫ 8 min) and dehydrated through sequential steps of 100% ethanol (2 ϫ 3 min), 90% ethanol (3 min), 70% ethanol (3 min), and distilled H 2 O (3 min). Each tissue section was then treated with 100 l of pepsin (Sigma) (0.5% V͞W in H 2 O), incubated at 37°C (60 min in humid air), and washed in PBS Ϫ (3 ϫ 3 min). The samples were then treated with Saponin (0.055% V͞W in H 2 O, 30 min) at room temperature and washed with PBS Ϫ (3 ϫ 3 min). Then, the samples were incubated in 3% H 2 O 2 at room temperature for 60 min and washed in PBS Ϫ (3 ϫ 3 min). The samples were treated with the terminal transferase mix [terminal deoxytransferase enzyme (TdT, GIBCO͞BRL), TdT buffer (GIBCO͞BRL), biotin-16-dUTP (Boehringer Mannheim), and H 2 O] and incubated at 37°C (60 min in humid air). The reactions were terminated by adding the TdT reaction termination buffer (15 min) and washing the samples in PBS Ϫ (3 ϫ 3 min). The nuclei that had incorporated the biotinylated dUTP were detected using DAB (SK4100, Vector Laboratories) and ABC Kits (PK4000, Vector Laboratories). The samples were washed in PBS Ϫ (2 ϫ 3 min), dehydrated through sequential steps of 70 and 100% ethanol (3 min each), dried, and mounted.
Counts of the apoptotic cells were performed using a light microscope at ϫ1,000 magnification. Only the TUNELpositive epithelial cells were counted; the mesenchymal cells were excluded from our analyses. The fractions of the sloughed cells that remained in the tissue preparation varied from one preparation to the next and were therefore excluded from the counts. Only the apoptotic epithelial cells that remained a part of the solid tissue were counted. The TUNEL-positive cells had the appearance of apoptotic cells described previously (33) . The apoptotic cells appeared shrunken and fragmented and often had pyknotic nuclei. A ''halo'' was often seen around the TUNEL-positive cells.
Human Colonic Adenomas. Adenomas in Table 2 were obtained from sequential lists of resected tumors from the Ann Arbor Veterans Affairs Medical Center and the Henry Ford Hospital (Detroit) and fixed in formalin soon after removal. Microallelotyping of these adenomas using markers on chromosome 17p were reported (42) . (These tumors and the detailed clinical and histopathological data regarding these tumors are available upon request from R.S.B.)
RESULTS p53 and Initiation of Mouse Intestinal Adenomas.
To examine the effect of p53 inactivation on colonic epithelial cells that are still at a relatively early stage in tumor progression, we used mice of the Min strain (24) , in which the first of the mutational steps involved in colonic tumor progressionmutation of the Apc gene-is already present in all colonic epithelial cells. Because of the germ line Apc Min mutation carried by these mice (25) , these mice are strongly predisposed to intestinal adenomas (polyps) (24, 26) . To determine the effects of mutations of p53 on the initiation and development of adenomas in these mice, we bred a mutant allele of the p53 gene (27) ϩ͞Ϫ progeny. F2 and F3 progeny were generated by breeding F1 or F2 siblings, respectively. Because there was no statistically significant difference (P Ͼ 0.2) between the average number of adenomas among the F1, F2, and F3 Apc Min͞ϩ p53 ϩ͞ϩ mice (Fig. 1 ), the effect of p53 dosage reduction on polyp incidence was gauged in mice of a mixed 129͞B6 genetic background.
The entire length of the gastrointestinal tract of these mice was examined, registering both the size and the number of polyps. The great majority of the adenomas in these Apc Min͞ϩ mice were found to be localized to the small intestine regardless of the genotype of these mice at the p53 locus (data not shown). Min mice in this colony rarely developed colonic or gastric adenomas.
Homozygosity for a germ line inactivating mutation of p53 did not enhance polyp initiation in the small intestines of the Min mice (Fig. 1) , confirming previous reports (28) . Statistical analysis indicated that the number of adenomas did not increase after 80 days of age in any of the three Min groups in which the Apc Min mutation was present in a p53 ϩ͞ϩ , p53 ϩ͞Ϫ , or p53 Ϫ͞Ϫ background. Thus, we counted polyps at various ages beyond 80 days and assumed that these numbers accurately reflected the cumulative number of polyps arising in the mice. The Apc Min͞ϩ P53
Ϫ͞Ϫ mice showed a mean number of adenomas per mouse (94 adenomas, n ϭ 11) similar to the Apc Min͞ϩ p53 ϩ͞Ϫ (83 adenomas, n ϭ 26) and Apc Min͞ϩ p53 ϩ͞ϩ mice (86 adenomas, n ϭ 29) (Fig. 1) ϩ͞Ϫ groups examined were between 80 and 210 days of age.
We determined the extent of progression of the adenomas that did appear by examining their size and histological and morphological appearance (22) . Significantly, the absence of a functional p53 gene had no effect on polyp progression. We detected no difference in the size of the p53 Ϫ͞Ϫ , p53 ϩ͞Ϫ , or p53 ϩ͞ϩ adenomas in age-controlled Min mice upon macroscopic examination. Furthermore, histological analysis showed that all adenomas in the Min mice were benign, similar in morphology, and characterized by a similar degree of dysplasia regardless of their genotype at the p53 locus (data not shown).
The above experiments suggested that elimination of p53 function had little effect either on the initiation of adenomas or their subsequent progression from early-to intermediatestage polyps. This notion was reinforced by Southern blot analysis performed on DNA samples that were prepared from 20 adenomas of Apc Min͞ϩ p53 ϩ͞Ϫ mice. This analysis showed that the adenomas in Apc Min͞ϩ p53 ϩ͞Ϫ mice retained both the mutant and the wild-type allele of p53 even up to 150 days of age (Fig. 2) . This retention of the wild-type p53 allele contrasts with previous analysis of the fate of the wild-type Apc allele in adenomas of Apc Min͞ϩ mice, which showed that the wild-type Apc allele is invariably discarded as adenomas progress (29) (30) (31) . Hence, elimination of the surviving wild-type p53 allele conferred no growth advantage on adenomatous cells, whereas loss of the wild-type Apc function was indeed advantageous.
We concluded that any effects that loss of p53 function may have on the growth properties of adenomatous cells were not sufficient to influence either the size or morphology of adenomas in the early stages of intestinal tumor progression in the mouse.
p53-Dependent Apoptosis in Apc Min -Induced Adenomas. Although p53 inactivation had no apparent effect on the overall rate of progression of adenomatous polyps in the Min mice, it remained possible that p53 loss influenced adenoma development in more subtle ways by affecting the rate of apoptosis of the cells in the polyps. For this reason, we examined the incidence of apoptotic cell death in the p53-wild-type and p53-deficient benign mouse adenomas.
In the normal intestine, the proliferative zone is found in the crypts and in the base of the villi and the apoptotic zone is largely in the tips of the villi (32) . In addition, a small fraction of epithelial cells in the proliferative zone is also seen to be in the process of undergoing apoptotic cell death (33) (34) (35) . These apoptotic cells of the proliferative zone, to the extent that they can be observed, are largely confined to the crypts of the intestinal epithelium (33) (34) (35) . The presence of the apoptotic cells of intestine can be demonstrated on thin paraffinembedded sections of this tissue using the TUNEL assay (36) .
We first tested the sensitivity of the TUNEL assay, as used by us, in two circumstances in which apoptosis is a frequent occurrence. Macrophages that have just engulfed apoptotic cells can be readily identified upon microscopic examination of the Peyer's patches of the mouse intestine (37) . All nuclei of the apoptotic cells that were engulfed by macrophages registered positive in our TUNEL assay in several formalin-fixed sections of Peyer's patches (data not shown).
We also verified the sensitivity of our assay by examining the apoptotic cells in irradiated intestines. Gamma-irradiation of p53 ϩ͞ϩ intestines is known to result in the appearance of many cells with pyknotic nuclei in the normal crypts (34, 35) . In several experiments, all of the intestinal epithelial cells having pyknotic nuclei following 8 grays of ionizing radiation registered positively in our TUNEL assay (Fig. 3) . We also extended the reports of others (34, 35) that this ␥-irradiation-induced apoptosis is p53-dependent, in that both the crypts and the adenomas of Apc Min͞ϩ p53 Ϫ͞Ϫ intestines displayed a low rate of apoptosis similar to that of nonirradiated controls (Table 1 ; Fig. 3 ).
We then used the TUNEL assay, as validated above, to gauge apoptotic rates in p53 ϩ͞ϩ and p53 Ϫ͞Ϫ adenomas. Our analyses showed that on average, 1.5% of the epithelial cells of adenomas were undergoing the process of apoptotic cell death at any time (Table 1) . In contrast to the effects of p53 on radiation-induced apoptosis, the presence or absence of p53 had no obvious effect on the incidence of apoptotic cells in the nonirradiated early adenomas (P ϭ 0.3, 1.5% in p53 ϩ͞ϩ vs. 1.6% in p53 Ϫ͞Ϫ , Table 1 and Fig. 3B ). Thus, p53 loss did not affect development of early adenomas through its ability to suppress apoptosis. This was in consonance with our earlier observations indicating that p53 loss had no effect on the growth rate or histopathology of these early adenomas.
p53 Inactivation and Apoptosis in Late-Stage Human Colonic Adenomas. In human colonic adenomas, LOH at the p53 gene coincides with the appearance of highly dysplastic cells within adenomas. These highly dysplastic nodules are often found to arise within large, less dysplastic, intermediate-grade adenomas. This observation has suggested that p53 mutation plays an important role in a relatively late step of colon cancer progression by enabling intermediate-grade adenomas to progress to those having a highly dysplastic phenotype. The highly dysplastic regions of polyps, which are presumably the immediate precursors of colon carcinomas, are rarely encountered in mice. For this reason, we turned to human biopsy samples and compared highly dysplastic nodules with closely apposed, less dysplastic precursors, hoping to gauge the influence, if any, of p53 loss on this progression.
Loss of p53 function in colonic tumors involves two genetic steps. In the first of these, p53 function is partially lost through the appearance of a mutant, dominant-negative allele (38, 39) ; the protein product of such an allele has lost its ability to mediate wild-type p53 signaling but gained the ability to compromise most but not all of the functioning of the wild-type protein, which continues to be expressed in heterozygous cells. Residual wild-type p53 function can then be totally eliminated through the loss of the surviving wild-type allele and duplication of the already mutant allele. This second step is characterized by the LOH of chromosome 17p on which the p53 gene is located (38, 40, 41) .
LOH at the p53 locus is detectable in the highly dysplastic regions of about 40% of human colonic adenomas (42) . By the time the subsequent conversion to carcinoma is complete, LOH of the p53 gene is detectable in an additional 20% of colonic growths (42) . We focused our attentions on the subset of colonic growths in which LOH of p53 gene accompanied the transition to a highly dysplastic phenotype and asked whether p53 inactivation was accompanied by a change in apoptotic rates.
We measured the incidence of apoptotic cell death in a panel of eight adenomas having distinct regions within them that displayed high grades of dysplasia (Table 2) . Previously published microallelotyping analyses (42) had demonstrated that in this panel of eight adenomas, LOH of markers on chromosome 17p (including the p53 gene) had occurred in the regions with high grades of dysplasia, whereas the regions with low grades of dysplasia were still heterozygous for loci on chromosome 17p.
TUNEL analysis showed no statistically significant difference between the incidence of apoptotic cell death before and after the LOH at chromosome 17p in these adenomas (P ϭ 0.14, Table 2 ). Thus, two of these adenomas showed an increase, two showed no change, and four showed a decrease in the incidence of apoptosis following the loss of p53.
As mentioned above, LOH of the p53 gene is detectable in only 40% of the adenomas during the transition to the highly dysplastic phenotype. Analysis of a panel of six adenomas from the group with no detectable p53 LOH revealed that the incidence of apoptosis decreased in five of these adenomas during the transition to a highly dysplastic phenotype even though the p53 LOH could not be detected during this transition (Table 2) . Indeed, the degree of reduction of apoptosis was comparable to that seen in the adenomas that did suffer LOH. In sum, the transition of adenomas to a highly dysplastic phenotype is often associated with a decrease in the incidence of apoptosis, but this change could not be correlated with LOH of the p53 gene.
DISCUSSION
Mice predisposed to adenomatous polyposis through mutation of the Apc gene sustain multiple intestinal adenomas in the first 3 months of life (24) . Our initial studies attempted to gauge the effects, if any, of inactivation of p53 function on the appearance and subsequent development of these adenomatous polyps. Our results indicate that polyp number and growth were not affected by the absence of functional alleles of the p53 gene in the 4-month life span of the p53 Ϫ͞Ϫ mice. We concluded that, to the extent that p53 mutation plays a role in colon cancer progression, such a role becomes important only in later stages. P53 mutations rarely occur in cells of human colonic adenomas having a low to intermediate degree of dysplasia but frequently occur in adenomas as they progress to a high grade of dysplasia (42) . This inactivation of p53 at a relatively late stage of tumor progression might be explained as a necessary response to mutations sustained previously in other growthregulating genes, including protooncogenes and tumor suppressor genes. Thus, earlier mutations in these growthregulating genes might provoke apoptosis in colonic epithelial cells, as has been shown for other types of cells (13-15, 17, 18, 43-47) , which may then be countered by the inactivation of their p53 gene.
The results of the present study argue against such a model. We have gathered evidence from human adenomas that causes us to propose that avoidance of apoptosis, as mediated by p53 mutation, is not the primary effect of the loss of p53 in intestinal adenomas. Our data show that the transition of intermediary adenomas to late-stage adenomas often correlates with suppression of apoptosis, but this reduced incidence of cell death occurs independently of LOH of the p53 gene, and in some tumors loss of p53 correlates with an increase in the incidence of apoptosis. These data suggest that p53 status is not the sole determinant of apoptosis in intestinal adenomas.
The conclusion that p53 may be only one of several genes that determine the incidence of apoptosis in colonic tumors is supported by the studies of Polyak et al. (48) that showed that the status of other genes, especially the P21 gene, determines the effect of p53 on apoptosis in colon carcinomas. Another gene that is likely to affect apoptosis in intestinal adenomatous cells and colonic carcinomas is the BAX gene, which is mutated in 50 percent of colon carcinomas with the microsatellite mutator phenotype (49) . One study showed that even colon cancer cell lines with BAX mutations can be assigned to different apoptosis complementation groups (49) . This further supports the idea that apoptosis in colon cancer is determined by genes of several different pathways (50) .
Together with the data in the present study, these observations redirect attention to other functions ascribed to normal p53, including, notably, p53's ability to mediate cellular senescence. One attractive possibility is that the mutation of ras or other growth-regulating genes that occurs early in colon tumor progression might provoke a senescence in adenomatous cells that may be countered by the subsequent inactivation of the p53 gene (50). Such p53 inactivation may then confer other benefits. Thus, the p53-dependent senescence associated with the excessive generational doublings may be circumvented, permitting cells to proceed to crisis and immortalization (6) . Subsequently, p53 inactivation may allow other consequences of p53 loss such as increased angiogenic potential (21) , an uncoupling of DNA synthesis from mitosis (51) , and increased genomic instability (42, 52) to conspire to accelerate the progression that leads to malignant colonic tumors.
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